The mid-low speed Maglev train adopts the single-sided linear induction motors (SLIMs) as drive part, of which design and control method has become research hotspot when the velocity is elevated from 120 km/h to 160 km/h.
INTRODUCTION
The Changsha medium-low speed maglev line is the first commercial operation line in China and the longest one in the world. Its designed velocity is 120 km/h, and the running velocity is 100 km/h. During its two-year long commercial operation since May 6 th , 2016, the longest mileage has reached 400,000 km and the punctuality rate has reached 99.8 %, which has set a good exemplary role. After the successful operation of the Changsha maglev line, the intercity transportation with higher speed class (160 km/h) by adopting the maglev train is put on the agenda. This paper presents the design of SLIMs for mid-low speed maglev train with velocity 160 km/h and optimizes the force performance from the aspect of control method.
BASIC PARAMETERS OF MAGLEV TRAINS IN CHANGSHA LINE
The mid-low maglev train in Changsha line consists of three coaches. Each coach covers five suspension frames, one converter and ten SLIMs. The
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__________________________________________________ basic parameters of the train and the converter are listed in Table 1 . Ten SLIMs are equally divided into two groups, which are connected in parallel. To five SLIMs in one group, the phase windings connected in series are transposed to reduce the end effect, as shown in Fig. 1 . As it can be seen, three phase windings are Y connected. 
DESIGN ANALYSIS OF SLIMS FOR 160KM/H MAGLEV TRAIN
Traction force requirement
The 160 km/h maglev train also adopts three coaches. Its resistance force can be calculated by adopting the resistance formula of the Changsha maglev line, which includes three components as follows. 
where N is the coach number. The total resistance force D is the sum of three former components. The traction force F is obtained through the total resistance force and acceleration.
where a is the acceleration. When the running velocity is increased from 120 km/h to 160 km/h and the minimum residual acceleration is maintained at 0.1 m/s 2 , the power increases by 66.7 %, as shown in Table 2 . 
Basic parameters of traction system
As the vehicle power increases, the number of converters or the capacity of single IGBT needs to be increased. Obviously, it is more economical to increase the IGBT capacity. The maximum current of available IGBT with matching voltage level is 2×450 A. Therefore, the power can increase by 32 % in comparison with the Changsha lines with IGBT of 2×340 A maximum current.
Since the IGBT capacity does not increase by 66.7 %, it means the starting traction force should be reduced or the volume should be improved to reduce the starting current. According to the consultation with the OEM, the length of SLIM can be increased from 1,820 mm to 2,020 mm. In addition, the starting traction force is reduced since the starting acceleration is changed from 1.0 m/s 2 to 0.8 m/s 2 , which meets the start acceleration of the general intercity vehicle.
Vehicle configuration
The number of modules per train and the selection between available mode (five-string double-parallel) and new mode (two-string five-parallel mode) need to be determined. The most economical and reliable method is to keep the original vehicle structure.
Design requirements
Based on the foundation of the Changsha maglev line, the main design requirements of the 160 km/h maglev train are listed in Table 3 . 
THE DESIGN OF SLIMS
Basic parameters
Based on the former analysis, the SLIMs, JX170, applied in the 160 km/h maglev train is designed, shown in Fig. 2 . The train has the original five-module structure and SLIMs per coach with five strings two parallel connection mode. The motor basic parameters comparison with SLIM of the Changsha maglev line, JX130, are listed in Table 4 . Normally, constant current control method is used during start-up. Their relationship is shown as follow. Apparently, the traction force is inversely proportional to the slip frequency, f 2 . , (
when the starting acceleration of the train reaches 0.8 m/s 2 , the traction force per SLIM is 2567 N. Under this condition, the maximum slip frequency f 2 should be 15.7 Hz. If adopting the control method of constant slip frequency, the traction force at maximum velocity is 710N per SLIM and the residual acceleration of the train at 160 km/h is 0.13 m/s 2 . At high velocity, the SLIM already adopts full voltage. The SLIM torqueslip curve is similar with induction-machine. As can be seen from Fig. 3 , during the motor region, the higher the f 2 , the higher the slip, and the larger the traction force is. 
__________________________________________________
When the required remaining acceleration is 0.1 m/s 2 , the traction force per SLIM is 612 N. To this required traction force, the minimum slip frequency f2 is 13.7 Hz. If keeping this slip frequency as constant value, the starting traction force can be increased up to 2,764 kg.
In order to verify the former traction force at start-up and maximum velocity, the 3D model of JX170 is erected by 3D FEM. For slip frequency 13.7 Hz, the calculated thrust force at start-up is 2,720 N. For slip frequency 15.7 Hz, the calculated thrust force at maximum velocity is 753 N. Compared with the predicted results of equivalent circuit method, the errors are 44 N and 43 N under two conditions respectively. Apparently, the results of equivalent circuit method are reasonable.
Therefore, the slip frequency should between 13.7 to 15.7 Hz. The traction characteristics are shown in Fig. 4 with the slip frequency values of 13.7 Hz and 15.7 Hz, respectively. And the normal force is considered acceptable. 
VARIABLE SLIP FREQUENCY CONTROL METHOD
From former analysis, it can be deduced that the SLIM performance of high velocity or low velocity is inevitably sacrificed when a constant current and constant slip control method is applied. However, this can be avoided if variable
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__________________________________________________ slip control method is adopted in SLIMs. Since they start with a lower starting frequency to produce larger starting traction force, and operate with higher slip frequency to obtain larger power at high velocity area, the capacity can be fully utilized. To JX170 SLIMs, at the low velocity, the slip frequency 13.7 Hz is adopted to increase the starting traction force. At high velocity, the slip frequency is increased to 17.2 Hz, which increases the traction force. The traction characteristics are shown in Fig. 5 . This method considers the starting acceleration and the residual acceleration of high velocity, which increases the starting capability and reduces the starting distance.
When the variable slip frequency control method is used, the traction characteristics of the train can only be within the envelope to meet a certain overload capacity. Moreover, it should not be far away from the envelope to make full use of motor capability as shown With slip frequency change from 13.7 Hz to 17.2 Hz, the residual acceleration is increased by 70 % compared with the constant slip frequency control method, and then the acceleration time is reduced by 17 % and the acceleration distance is reduced by 22 %, as shown in Table 5 . 
CONCLUSION
This paper presents the design of SLIMs for mid-low speed maglev train with velocity 160 km/h, which meets the performance requirement of the 160 km/h mid-low speed maglev train. It has the characteristics of derivative design and economical reliability.
It also proposes a variable slip frequency control method for the SLIM. With a lower slip frequency at start-up, the SLIM has a larger starting traction force. At high velocity, a higher slip frequency is used, and a larger motor power is realized. The train acceleration performance is optimized without additional space, mass and cost. This proposed control method can also be applied to other maglev trains driven by SLIMs.
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